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ANL/NDM-94

EVALUATED NEUTRONIC DATA FILE FOR YTTRIUM*
by

A. B. Smith, D. L. Smith, P. Roussett and R. D. Lawson,
Argonne National Laboratory
and
R. J. Howerton, Lawrence Livermore National Laboratory

ABSTRACT

A comprehensive evaluated neutronic data file for yttrium is pre-
sented and documented. The file extends from thermal neutron energies
to 20 MeV, and includes all reactions necessary for comprehensive
neutronic calculations. The input data base, the requisite theoretical
calculations, the evaluation methods and results, and outstanding
problem areas, are described. Attention is given to quantitative
uncertainty specification and to energy conservation among various
reaction products and the photon-production data. The file is present-
ed in the ENDF-format system, and has been transmitted to the National
Nuclear Data Center, Brookhaven National Laboratory.

* This work supported by the U. S. Department of Energy.
+ Permanent address, University of Grenoble, France.



I. Introduction

This document describes the formulation and contents of a compre-—
hensive evaluated nuclear data file for yttrium. The experimental data
base is discussed in some detail. The methods of evaluation, including
quantitative uncertainty definition, are outlined. Although there are
no integral experiments against which the data can be checked, energy-
conservation verification is described. The evaluated quantities are
graphically presented and compared with previous evaluations. The
corresponding numerical values are available from the National Nuclear
Data Center, Brookhaven National Laboratory. The file is entirely in
the ENDF system of formats and should be fully consistent with process—
ing codes designed to use such evaluated-data formulations. The ob-
jective is a comprehensive evaluated file for neutronic calculations
and the contents are comprehensive in that context. Certain applica-
tions may require additional information (e.g., activity information)
that should be obtained from the respective specialized file sys-
tems (1).

FElemental yttrium is monoisotopic (89Y) and magic in neutron num-
ber (N=50). It lies at the end of a prominent fission-product decay
chain with chain yields varying from approximately 6% for Th-232 fission
to 1.2% for Pu-240 fission. As such, its neutronic properties are a
consideration in the optimization of FBR and similar nuclear-energy
systems. The neutron interaction with 8%y is of significant basic
interest from a number of points of view (2,3). Recent measurement
programs have greatly augmented the experimental knowledge of the
neutron interaction with this nucleus (4,5), and the consequence is a
potential for considerable improvement of the evaluated data file for
applications and for enhanced understanding of the basic neutron-nucleus
interaction. This document addresses the first of these opportunities.

I1. Resonance properties

This evaluation uses the resonance parameter representation up to
an incident neutron energy of 150 keV. The resonance parameters were
explicitly taken from the compilation of Mughabghab et al. (6). The
bound resonance of this compilation was deleted and, alternatively, the
behavior of the cross sections as thermal energies are approached was
obtained by introducing a small energy-average background in the neutron~
scattering and radiative-capture files in such a manner as to assure the
correct thermal-cross-section values. At the upper-energy limit of the
resonance representation, this background was also adjusted to smoothly
join the resonance cross sections onto the energy-averaged cross sections.
The matching was accomplished using 20 keV averages of the cross sections
generated from the resonance parameters. The neutron scattering and



radiative-capture cross sections implied by the resonance representation
are illustrated in Fig. |I. These cross section were constructed from
the resonance parameters using the code RECENT (7). The uncertainties
associated with the resonance parameters are very complex and the reader
i8 referred to ref. 6 for guidance in this area.

11I. Energy-averaged total cross sections

The evaluated energy-averaged total cross sections, extending
from the resonance parameters to 20.0 MeV, were entirely deduced from
experimental values. The experimental data base, consisting of the
works of refs. 5 and 8-18, was assembled from the literature, as referenc-
ed in CINDA, and the files of the National Nuclear Data Center. The
numerical values were initially inspected using large-scale plots. It
was clearly evident that a few of the data sets were grossly inconsistent
with the body of the information, and these were abandoned. Very few of
the data sets specified both systematic and statistical uncertainties.
Most sets cited only statistical uncertainties, and a few gave no
uncertainties of any type. A rigorous evaluation requires knowledge
of both systematic and statistical uncertainties. Where these were not
specified they were estimated using subjective judgments based upon
the available documentation and a familiarity with the various experi-
mental techniques involved. At low energies (e.g., less than 600 keV)
there are large fluctuations observed in the measurements, reflecting
partially-resolved underlying resonance structure. In this region,
self-ghielding is a concern, ignored in most of the measurements. Where
possible, self-shielding corrections were made. Where small corrections
were not possible, systematic uncertainties were increased. The low-
energy fluctuations were smoothed and the data base reduced to manageable
proportions by averaging the experimental values of each data set over
50-keV intervals below 1.0 MeV, and over 100 keV intervals at higher
energies. The averaging correctly propagated the uncertainties of the
individual datum values. The resulting averaged data base is illustrat-
ed in Fig. 2A. It 1is reasonably consistent and comprehensive.

The evaluated cross sections were deduced from the above experi-
mental data using the rigorous statistical method of Poenitz (19). That
method, implemented with the code GMA, provides the evaluated data,
their uncertainties, and the associated correlation matrix. The evaluat-~
ed results fluctuated slightly with energy, reflecting the character of
the underlying data. These fluctuations were smoothed by fitting the
evaluated data set with a simple optical model, concurrently varying the
ten parameters: real and imaginary strengths (with a quadratic energy
dependence of each), radii and diffusenesses. The resulting model
parameters provided an excellent description of the experimentally-based
evaluated data, and were remarkably consistent with the physical interpre-
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Fig. 2. Evaluated energy-averaged neutron total cross sections of yttrium.
A=experimental data base (symbols) and present evaluation (curve).
B=uncertainty limits of present evaluation (light curves) and the

ENDF/B~V evaluation (heavy curve). C=present evaluation with low-
energy fluctuations.




tations of ref. 3. The uncertainties associated with the evaluation
ranged from 1.0% to a maximum of 2.1%. This uncertainty spread is
illustrated in Fig. 2B. These uncertainties indicate that the energy-
averaged yttrium neutron total cross section is very well-known from
approximately 100 keV to 20.0 MeV.

The preceding is an energy-averaged evaluation, describing general
energy trends. Below approximately 600 keV, several measurements (e.g.,
refs. 8 and 14) clearly show large and partially resolved resonance
structures. These were incorporated in the evaluation by normalizing
the fluctuating values to the energy-averaged evaluation, with the
result shown in Fig. 2C. This representation preserves the energy-
averaged behavior while giving some indication of the large fluctuations.
This result should not be confused with a fully-resolved resonance
representation. Since the file must be internally consistent, this
structure will appear elsewhere in the evaluation. No partial cross
sections have been determined with equivalent resolutions, thus it was
decided to propagate the total-cross-section structure into the elastic-
scattering cross section alone. 1In the present case that approximation
is reasonably valid as the only other partial cross section in this
energy region is due to radiative capture and it is very small.

The present evaluated neutron total cross sections are qualitatively
very different from those given in ENDF/B-V, as illustrated in Fig. 2B.
There are magnitude differences of 10% to 20% over much of the energy
range. The relative shape of the ENDF/B-V evaluation seems inconsistent
with any known physical interpretation.

IV. Energy-averaged elastic-scattering cross sections

From 1 to 10 MeV the evaluated elastic-scattering cross sections are
largely based upon the experimental values of refs. 3, 4, 5 and 20, pri-
marily the former three (supported by references cited therein). This
data base gives energy detail and accuracies of 3-4%. Below approximately
1.0 MeV, the elastic-scattering cross sections are essentially equivalent
to the total cross sections, with only a small difference due to radiative
capture., Above 10.0 MeV the cross sections were extrapolated to 20.0 MeV
using the model of ref. 3. That extrapolation is supported by the ability
of the model to describe the above evaluated total cross sections to
20.0 MeV to within better than several percent. The estimated uncertain-
ties in the evaluated elastic-scattering cross sections are: i) 2-3%
below 1.0 MeV, ii) 2-4% from 1.0 to 10.0 MeV, and 1ii1) approximately 4%
from 10.0 to 20.0 MeV. These are relatively small uncertainties. The
evaluated elastic-scattering cross sections, and the above total cross
sections, imply the non-elastic cross section shown in Fig. 3. These
non-elastic values, in turn, define the envelope of the remaining partial
cross sections, some of which are not well-known.
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Fig. 3. Comparison of evaluated elastic— and nonelastic-scattering cross
sections. The light curves indicate the present evaluations and
the heavy curves those of ENDF/B-V.



The elastically-scattered neutron angular distributions were taken
from the experimental values and the model of refs. 3-5 and 20 (and
references cited therein). The general trends are illustrated in Fig.

4. Throughout, "Wick's limit" was satisfied. Some of the basic physical
implications of these distributions are discussed in ref. 3.

The present evaluated elastic-scattering cross sections are compared
with those of ENDF/B-V in Fig. 3. There are some very large differences,
and these will impact on other aspects of either evaluation. Certain
characteristics of the ENDF/B-V formulation seem unphysical. It is not
realistic to compare differential elastic-scattering values, as ENDF/B-V
assumes isotropic elastic scattering to 20.0 MeV.

V. Discrete inelastic-scattering cross sections

The present evaluated discrete-inelastic-scattering cross sections ex-
tend up to excitation energies of 3.2 MeV, assuming the energies, spins,
and parities given in refs. 4 and 5. The corresponding inelastic cross
sections were largely based upon the experimental results of refs. 4, 5
and 20, supported by the ancillary experimental evidence of refs. 21-23.
This data base is relatively consistent, as shown in Fig. 5, an exception
being some of the values of ref. 21. The latter were abandoned although no
source of the discrepancy could be identified by their author. The measure—
ments consist of both (n,n') and (n;n',gamma) results. The former were
given emphasis in the determination of the cross section normalizations,
as the experimental interpretations are unambiguous, and the latter were
used to define the cross sections near threshold and to resolve the
detailed level structure, as the (n;n',gamma) method can provide superior
energy resolution and results that are generally easy to interpret near
threshold. The experimental results were interpolated using the statisti-
cal model and the optical potential of refs. 3 and 5. The agreement
between measured and calculated values was very good (as illustrated in
Fig. 5), and thus the calculations were used for the evaluation. The
angular distributions of the discrete-inelastic-neutron groups were
assumed to be isotropic. The measurements support this assumption in the
lower energy region where the cross sections are of significant size and
where the statistical process is the dominant reaction mechanism. At
higher energies (above 4-5 MeV), the inelastic-neutron emission can be
significantly anisotropic (see ref. 20), but the corresponding cross
sections have generally fallen to the order of a mb. The reader interest-
ed in detailed anisotropies is directed to the measurements and calcula-
tions of refs. 5 and 20.

The uncertainties associated with the preceding evaluated quantities
vary from approximately 5%, for the prominent excitations, to 10-20+2%
for levels which are very weakly excited. Generally, these uncertainties
increase with energy and decreasing cross-section magnitudes.
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Comparisons of Lhe present evaluated discrete~inelastic-scattering
crogss sections with those of ENDF/B-V are possible for only the first few
levels given in the latter file. For some of these levels the two
evaluations are in reasonable agreement, for others there are large
discrepancies (e.g., ENDF/B-V is nearly a factor of two larger for some
of the prominent excitations). These comparisons are illustrated in
Fig. 5.

Vi. Continuum—~inelastic scattering

The continuum—inelastic cross section (CI) is implied by the above
total cross section and the other partial cross sections. There are no
direct and comprehensive measurements of it. For the present evaluation,
the CI is defined as the difference between the evaluated nonelastic
cross section and the sum of the other partial cross sections. This
method insures internal file consistency. The CI extends from the
highest-energy level used in the discrete-inelastic evaluation (approxi-
mately 3.2 MeV) to 20 MeV. The energy dependence and magnitude of the
CI, together with those of other related cross sections, are shown
in Fig. 6. Without any adjustments, the behavior is consistent with
physical expectations. At lower energies the major contribution is due
to statistical~inelastic processes. Channel competition rapidly dilutes
these above the (n,2n') threshold, and the cross section falls to a
relatively energy—constant value determined by the pre-compound processes.
The magnitude of the pre-compound component is qualitatively consistent
with the predictions of Weisskopf-Ewing calculations carried out using
the ALICE computer code of Blann (24). The uncertainties associated
with the CI evaluated cross sections are approximately 10% up to 12 MeV,
and somewhat larger at higher energies.

The statistical component of the CI is expected to result in
essentially isotropic neutron emission, while the pre-compound component
follows a complex energy-angle correlation (24). The primary motivation
of the present evaluation is the provision of a file for fission-product
neutronic calculations. These are not sensitive to the high-energy
pre-compound component. Moreover, at the present time the commonly used
FBR, etc., processing and calculational codes do not accept the pre-—com-
pound angle-energy correlations. ENDF/B-VI formats make provision for
such correlations, but the exact formulation and the various options
remain a matter of some debate at this writing. Given these consider-
ations, the present evaluation accepts the approximations of the
ENDF/B-VI files 4 and 5. This compromise should not have any significant
effect on the use of the file in the anticipated application areas
(e.g., assessment of fission-product effects). Given the ahove rationale,
the CI neutron emission was assumed to be isotropic. Compound and
pre-compound components of the emission spectrum were approximated using
the two-temperature distribution of the form ¢ = E * (A * exp(-E/T1) + B
* exp(-E/T2)), where A (T1) and B (T2) represent compound and pre-compound
contributions, respectively. Below the (n,2n') threshold, the four
constants can be reasonably evaluated from the measurements of refs. 20
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and 25. The temperatures (T) take the forms T] = 0.1 + 0.0455 * E and T2
= 0.3 + 0.37 * E. At higher energies, calculations (24) and the CI
evaluated cross sections guide the choice of A and B, with Tl and T2
retaining the above energy dependencies. The result is a pragmatic
approximation of the physical reality, consistent with the general
concepts of compound and pre-compound emission, and with the practical
aspects of near-term utilization of the file.

VII. (n,2n') and (n,3n') processes

The threshold for the (n,3n') reaction is above the 20.0 MeV limit
of the present evaluation and thus the reaction can be ignored. The
threshold for the (n,2n') reaction is at 11.469 MeV. The respective
evaluation is founded entirely upon an experimental data base derived
from CINDA and the files of the National Nuclear Data Center. It consists
of the work of references 26-49. The majority of these measured values
were obtained using activation techniques, and four sets involve prompt-
neutron-detection techniques (refs. 46-49). The entire data base is
shown in Fig. 7A. An inspection of this figure clearly suggests that a
minority of the measurements are inconsistent with the body of the infor-
mation. These were rejected to obtain the data base of Fig. 7B, which
was used for the evaluation. Where readily possible, the experimental
data were corrected to contemporary reference standards, decay properties,
etc. The evaluation was subjectively constructed through the data of
Fig. 7B, with the results indicated by the curves. Estimated uncertain-
ties are:

Threshold to 12.0 MeV  $25%
13.5 MeVv t10%
15.0 Mev t 5%
18.0 Mev * 57
20.0 Mev t 6%

with linear interpolation between the cited values. These estimates are
likely to be very conservative, as suggested by the curves of Fig. 7B.
Very few of the data points fall outside the uncertainty band, and none
of the individual uncertainties fail to reach the band. Furthermore, the
results obtained using the two different methods (activation and prompt
detection) are generally consistent. This evidence leads to the con-
clusion that the (n,2n') cross section of yttrium is well-known. It is
impossible to make any comparisons with ENDF/B-V as the latter file does
not contain the reaction. The present evaluation agrees with that of
Philis (50) to well within the respective uncertainties.

There are apparently no observations of the emitted spectra of
(n,2n') neutrons. The evaluation assumes a primarily statistical and
isotropic neutron emission, represented by ¢ = E * exp(~-E/T). The
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O (b)

Fig. 7. Measured and evaluated (n,2n') cross sections of yttrium.
A=entire data base (symbols). Beselected data base (symbols).
Curves denote the evaluation, * the uncertainty.
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temperature was taken to be 0.7 MeV at 15 MeV incident energy, and to
have an energy dependence of 120 keV/MeV. The emission spectra are
presented as point-wise distributions. This simple representation is
relatively consistent with calculational estimates (24). Moreover, the
(n,2n') threshold is at too high an energy to make the process of signi-
ficance in most fission-product assessments.

VIII. Radiative-capture cross sections

The experimental data base shown in Fig. 8 (refs. 51-68), assembl-
ed from the literature (CINDA referenced) and the files of the National
Nuclear Data Center, is not particularly definitive. The older measure-
ments generally used activation techniques and gave results character-
istically larger than the values obtained in the more recent measurements
using prompt-detection methods. In addition, below several-hundred kev,
the cross-section fluctuations, very evident in the preceding total cross
sections, make it difficult to determine the energy—averaged behavior. At
the same time, the available information is not detailed enough to make
possible a definitive resonance representation above approximately 150 keV.
The evaluation primarily relies upon the recent prompt-detection data of
refs. 51, 66 and 68. Refs. 51 and 68 are in good agreement and cover the
range of approximately 0.5-3.0 MeV, a region where fluctuations are not a
particular concern. The data of ref. 66 are average values of partially
resolved resonances, binned into 10 keV intervals. There are large fluc-
tuations, but the general trend ig relatively consistent with the higher-
energy data. The evaluation interpolates between the measured quantities
using a compound-nucleus calculation. That calculation, using the computer
code ABAREX (69), adjusts the s-wave strength function to optimize the
description of the results of refs. 51, 66 and 68. The resulting strength
function was within 10% of that deduced from the analysis of low-energy
resonance data (6). In addition, a small direct~capture component was
calculated at very high energies, consistent with experimental observation
(e.g., ref. 67). That direct-capture component is largely a cosmetic
effect from the point of view of most applications as the corresponding
cross sections are generally less than 1 mb. The resulting evaluation 1is
compared with the data base and with the ENDF-V evaluation in Fig. 8. The
uncertainties are approximately: 18% for 0.01-0.1 MeV, 14% for 0.1-0.5 Mev,
10% for 0.5-3.0 MeV, 157 3.0-5.0 MeV, and 20% at higher energies. The
ENDF/B-V evaluation is approximately a factor of two larger than that of
the present work, and inconsistent with all recent experimental results.

IX. Charged-particle-emission processes
IX-1. (n,p) and (n;n',p) reactions

There are quantitative experimental data for the (n,p) cross section
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O (mb)

E.(MeV)

Fig. 8. Comparison of experimental capture data base (symbols), the
present evaluation (heavy curve) and the evaluation of ENDF/B-V
(1ight curve). These are energy-averaged quantities. The

present evaluation employs resonance parameters up to }50 keVv,
as described in the text.

91
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(70-73), notably those of ref. 70. In addition, there ig a recently-
reported cross section for total hydrogen production at an incident
energy of approximately 15 MeV (74). The relative energy dependence of
the (n,p) cross section has been estimated by Arthur using multiple-step
Hauser-Feshbach theory (75). That prediction is consistent with the
avallable experimental evidence and with calculational estimates baged
upon the models of refs. 24 and 76. Therefore, the (n,p) cross

section given by Arthur was taken for the evaluation with no renormaliza-
tion. Excepting the total hydrogen-production result of ref, 74, there
is no experimental neutron evidence for the (n;n',p) cross section.

Model estimates indicate that the process is energetically~-favored (24,
75, 76), and that respective cross sections larger than thoge for the
(n,p) process can be expected at higher energies. This indication ig
supported by the total hydrogen-production result (74), and by con-
sideration of the 91zr(t,alpha)90y reaction, as discussed by Arthur. The
present evaluation assumes that the experimental total hydrogen-pro-
duction results obtained near 15 MeV by Haight et al, (74) and the
relative energy dependence predicted by Arthur are representative of the
(n;n',p) process. With these assumptions, the predictions of ref. 75
were multiplied by 1.47 to obtain the present evaluation. The experi-
mental data and the present evaluations are shown in Fig. 9. The un-
certainties that are associated with the evaluated results are relatively
large, approximately 20+% for the (n,p) cross sections and 30+% for the
(n;n',p). The neutron spectrum emitted from the (n;n’,p) process was
assumed to be statistical in nature, and thus is represented by a simple
temperature model with T=0.96 Mev at |4 MeV, with a linear energy de-
pendence. ENDF/B-V has no comparable cross sections.

IX-2. (n,alpha) and (n;n',alpha) processes

The respective experimental data base (refs. 70, 71, 72, 74, and
77-80) 1is very limited, contradictory, covers a relatively narrow energy
range, and is confined to the (n,alpha) reaction, as illustrated in Fig.
10. It is apparent that the (n;n',alpha) cross sections are relatively
the much smaller of the two, and thus the total helium production cross
sections of ref. 74 is a reasonable check of the (n,alpha) cross section.
Given this weak experimental foundation, considerable reliance must be
placed upon theoretical extrapolation. Arthur has calculated the re-
spectlve cross sections using a cascade Hauser-Feshbach formulation (75),
and his results are reasonably consistent with those obtained using a
similar computational code written by Wilmore (76). Thus the present
evaluation relies upon the Arthur-calculated values to obtain the energy
dependent cross-section shapes and the relative intensities of the
(n,alpha) and (n;n',alpha) cross sections. The calculations were
renormalized (upward by 30%) to bring them into good agreement with the
recent helium-production results of Haight et al, (74). The two evaluated
results are illustrated in Fig. 10. For most applied purposes, the
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Fig. 9.

E,,(;\;eV)

Measured and evaluated (n,p) and (n;n',p) cross sections. Experi-
mental (n,p) results are indicated by data symbols, where "X"
refers to total hydrogen production, and curves indicate the
present evaluations.
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Fig. 10. (n,alpha) and (n;n',alpha) cross sections. Symbols indicate
measured (n,alpha) values and the curves the two evaluated
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(n;n',alpha) cross sections are negligibly small. The estimated uncer-
tainties associaled with these two evaluated components are large, 30%
or more. The neutron-emission spectra resulting from Lhe (n;n',alpha)
reaction were assumed to be simple temperature distributions. This
rather crude approximation is generally suitable in view of the very
small size of the respective cross sections and the anticipated usage of
Lthis file. There is no comparable ENDF/B-V file.

1X-3. Minor (n,X) processes

The remaining (n,X) reactions are generally small and have re-
latively high—energy thresholds. They are included in the present
evaluation for completeness, though they will have very little effect
upon most neutronic applications. For unusual applications, where they
may be of more concern, the reader is referred to special libraries (1).

The experimental knowledge of the (n,d) reaction is confined to
the single 15 MeV direct-particle-detection result of Haight et al.
(74). There is no active reaction product. The present evaluation uses
calculations (24) to guide the energy-dependent shape and normalizes the
calculated result to the measured value of ref. 74. The estimated
evaluation uncertainties are large (30+%), but the respective cross
sections are relatively small over much of the energy range of the
evaluation, and that of most applied interest. The (n;n',d) threshold
1s at approximately 16 MeV. The cross section will not rise to signi-
ficantly large values within the energy range of the present evaluation
(upper 1limit 20 MeV), therefore the reaction was ignored in the evalua-
tion.

There have been several measurements of the (n,t) reaction near
14 MeV (81,82). The results are not particularly consistent but they
all are in the few micro-barn range. At 22 MeV the experimental re-
sults of ref. 83 suggest larger total tritium production cross sections
(a few mb). These latter results are probably considerably enhanced
by a relatively large contribution from the (n;n',t) process. The (n,t)
reaction is qualitatively included in the evaluation for completeness,
while the (n;n',t) reaction is ignored as the threshold is very high
(approximately 18 MeV).

The (n,3He) and (n;n',3He) reactions appear, from systematics
(83), to be very similar to the (n,t) and (n;n',t) processes and have
similar thresholds. The (n, He) reaction is qualitatively included
in the evaluation and the (n;n’', 34e) process is ignored (threshold near
20 Mev).
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X. Gamma-ray production processes

Gamma-ray production {is dealt with in two parts: the first part is
for the gamma-rays resulting from neutron radiative capture and the
second is for the gamma-rays from all other gamma-producing reactions.

For the capture process, the sgpectral measurements of ref. 84 for
thermal neutrons were used for incident neutrons of all energies. For

measured photon spectrum. For greater Neutron energies, conservation
of energy was maintained by adjusting the multiplicity such that:

M(E,) = M(EQ)*(E+Q)/qQ.

step process, First, explicit energy distributions for the charged
particles arising from all charged-particle producing reactions were
calculated at appropriate incident neutron energies. Next, the average
neutron, charged-particle and residual-nucleus energies were subtracted
from the available (Eq+Q) energy of each reaction for an appropriate

mesh of incident neutron energies., The resulting incident-neutron-energy~
dependent available Photon energies for each reaction and the reaction
Cross sections were combined using the R-parameter method of ref. 85 to
obtain gamma-ray spectra and production cross sections.

XI. 1Integral tests

It was not possible to perform any integral tests on these evaluated
data because there are not integral experiments against which calculated
values may be compared. The closest to integral testing that was possible
were the energy-conservation checks that are performed subsequent to
obtaining the gamma-ray production cross sections and spectra. In that
procedure the total energy available for photon Production is checked
against the energy produced by the calculated photon-production cross
sections and spectra. Any discrepancies greater than 0.] MeV and
greater than 10% are noted. Had any been found, the photon-production
Cross section would have been adjusted to conserve eénergy within the
criterion of acceptability. None were found, so the data were not
changed.

XII. Outstanding problems

The energy~averaged neutron total cross sections dare generally
very well-known. However, the evaluation relies upon a single set



of measurements at ener;.es above approximately 15 MeV. That sing_e
experimental data set it probably reliable, but if there is an ops:rtunity

for total cross section neasurements to 17 accuracy at energies z:-ve 15
MeV Lhey should be made.

The elastic—scatter:ng data base below 10 MeV is very good, :id model
extrapolations to 20 Me\ are believed to be reasonably reliable. That
1s fortunate as the prec:ge determination of the elastic cross se--ion is
important to the evaluat:on from the point of view of determinatir- of
the nonelastic cross sec-ion. Differential elastic-scattering cress
sections should be deternined at several (e.g., five) energies be:wveen
10-20 MeV to very good & curacy. Some preliminary data of this n:-ure
have been cited in the iterature, but they are not available for :se nor
are they known to be of “he requisite accuracy (e.g., permit deternination
of the angle-~integrated *lastic-scattering cross section to better than
5%)+ There is also some basgic physical interest in this type of ncasure-

ment, for the assessment of the fundamental properties of the opt:-al
model.,

Discrete~inelastic-scattering cross sections are probably sufficient-
ly well~known for applieq purposes. There is only modest experimental
knowledge of continuum-inelagtic scattering below the (n,2n') threshold,
and none above it. Carefyl neutron double-differential emission nesasure-
ments are needed for incident energies of 5-20 MeV. This particular
nucleus offers an unusual opportunity to study the continuum-inelastic-
process over a wide energy range due to the exceptionally high threshold
energy for the (n,2n') process. Generally, and in this case in particu-
lar, any information dealing with statistical level properties that would
enhance the ability to cslculate high-energy neutron emission is desirable.
Improved knowledge of excited-level properties well above the contemporary
approximately 3.2-MeV linit would make possible a better transition from
discrete to continuum Processes.

(n,2n') cross sectiong are well-known and probably do not warrant
further attention in the foreseeable future. The corresponding emission
spectra are a consideratinn, as noted above.

The present evaluatinn indicates large changes from the ENDF/B-V
values for radiative-capture cross sections, and these are important in
the assessment of fission-product effects. These changes are largely the
result of new, and much lower, experimental values. Even with the
latter new results, the dnta base is weak from a few keV to 500 kev, and
new measurements Lo 5-107 accuracies would be very valuable.

(n,p) cross sections are not well defined. They are accessible with
standard activation techniques, and results should be obtained to
accuracies of approximately 10%. The (n;n'p) cross sections are large
and very uncertain. Mcasurements are difficult due to the fact that the
recaction product is stahl«c, Measurements of the total hydrogen production
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below 14 MeV would be particularly useful in improving the evaluation and
in testing the relevant calculational models.

The (n,alpha) cross section is not well-known and it is accessible
through standard activation techniques. It should be determined to 10%
accuracy. The (n;n',alpha) process 1s very poorly known but the cross
sections are too small to warrant much attention.

The preceding suggestions are in the context of the present neutronic
file. Other motivations may lead to alternate choices.

XIII. Summary comments

This report documents an evaluated neutronic file that should be
very suitable for the assessment of the neutronic behavior of yttrium in
a number of nuclear-energy applications. The relevance is largely at
energies of less than 10 MeV, and the file gives primary attention to that
area. The file should be suitable for qualitative predictions of the neu-
tronic properties of integral systems characterized by energies well above
10 MeV. There are possible special-purpose applied interests (e.g.,
tritium production) where the user should augment the contents of this
file with additional information (e.g., that of ref. 1). In a number of
sensitive areas the present file is very different from that of ENDF/B-V.
The differences are of a magnitude and character that may have a strong
impact in some applications. The present file is reasonably supported by
the newer and more accurate experimental information. Thus it is recommend-
ed that the present file replace the prior ENDF/B-V file in common
applied usage as soon as possible.
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